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INVESTIGATION OF LIGHT SCATTERING 
IN HIGHLY REFLECTING PIGMENTED COATINGS 
I. INTRODUCTION 
The objective of this program is the application of light- 
scattering theories to polydisperse, highly reflecting, highly 
pip.ented ceatings.  The pmgram is shed at a definition of 
the light scattering parameters associated with the maximum 
reflection of solar radiation. The definition of these factors 
should facilitate the eventual development of more efficient 
solar reflectors and, perhaps m r e  irnp,rtant, m a y  extend the 
applications of light-scattering theory to the solution of other 
problems. 
Previous work has involved (1) a review of classical light- 
scattering theory with emphasis on that portion having the most 
promise for application to multiple scattering events, (2 )  the 
generation of data on the optical properties of carefully pre- 
pared arrays of silver bromide particles dispersed in gelatin, 
and ( 3 )  the conception of theoretical approaches and random- 
walk techniques with which to treat the problem of multiple 
scattering. 
The adaptation of classical Mie theory to multiple scat- 
tering and the experimental studies on silver bromide dispersions 
have been discussed in several of the previous Quarterly Reports. 
The complete review of classical light-scattering theory will 
be given in the summary Final Report which is currently planned 
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f o r  d i s t r i b u t i o n  i n  J u l y  of t h i s  year .  
c o n t a i n  a complete review of the s t u d i e s  p e r t a i n i n g  t o  the 
s i lver  bromide d i spe r s ions .  
T h i s  report w i l l  a l s o  
T h i s  report cont inues t h e  Monte Carlo i n v e s t i g a t i o n s  which 
have been performed dur ing  the  l a s t  year  ( R e p o r t s  No.  IITRI- 
C6018-14, IITRI-C6018-15, IITRI-U6003-16, and IITRI-U6003-17). 
T h i s  d i scuss ion  i s  p r i m a r i l y  concerned w i t h  the growth of c l u s t e r s  
of pigment p a r t i c l e s  as t h e  pigment volume concent ra t ion  i s  
increased .  A l s o  presented i s  a c r i t i q u e  of c u r r e n t  concepts and 
s t u d i e s  p e r t a i n i n g  t o  Mie theory,  a s u b j e c t  of s p e c i a l  re levance  
t o  these s tud ie s .  
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11, MONTE CARLO STUDIES OF CLUSTER FORMATION OF PIGMENT PARTICLES 
I N  A PAINT FILM 
I n  s imula t ion  experiments r epor t ed  previous ly  the growth 
of c l u s t e r  formation was simulated i n  two dimensions us ing  a two 
dimensional g r i d - p l o t t i n g  exper iment  (ref 1) Although the 
v a l i d i t y  of the q u a n t i t a t i v e  d a t a  on c l u s t e r  formation deduced 
from these experiments is l imi t ed  by the f a c t  t h a t  c l u s t e r s  a r e  
growing i n  three dimensions, the q u a l i t a t i v e  deduct ions (such a s  
the presence of a maximum i n  the t o t a l  number of s c a t t e r i n g  
c e n t e r s )  would appear t o  c o r r e l a t e  w i t h  known empi r i ca l  d a t a  on 
the changes i n  opac i ty  of a p a i n t  f i l m  a t  va r ious  s o l i d s  concen- 
t r a t i o n s ,  A c r i t i c i s m  of t he  s i m p l e  cubic  pigment-par t ic le  m o d e l  
used i n  the first Monte Car lo  experiment is t h a t  the p a r t i c l e  
shape assumed is t o o  symmetrical and t h a t  r e s u l t s  from the p l o t -  
t i n g  experiment a r e  not  v a l i d  because r e a l  pigment  p a r t i c l e s  have 
non-symmetrical shapes,  To explore  the impl ica t ions  of t h i s  
p o s s i b l e  criticism t h e  fol iowing p l o t t i n g  experiment was c a r r i e d  
ou t ,  A square g r i d  conta in ing  70 x 70 square subd iv i s ions  was 
marked ou t ,  
w e r e  p l o t t e d  us ing  three randsm numbers, 
On th i s  grid p a r t i c l e s  c o n s i s t i n g  of two squares  
The first t w o  random numbers selected ranged between 1 and 
70 t o  f i n d  a l o c a t i o n  on t h e  p l o t t i n g  g r i d .  The third random 
was a s i n g l e  d i g i t  and i f  it was even the p a r t i c l e  was p l o t t e d  
w i t h  i ts left-side-lower-corner on the co-ord ina te  and longer 
s i d e  l y i n g  h o r i z o n t a l l y ,  If i t  was odd, t h e  lef t -s ide- lower-  
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9 
slightly higher concentrations for the particles with a shape 
factor of 2:l. This phenomna may not be real in the sense that 
statistical fluctuations between repeat Monte Carlo plotting 
experiments could demonstrate that the difference between it 
and 20% for the two different shaped particles could arise purely 
from chance mechanisms. The results of the plotting experiments 
with the 2:l shaped particles have important implications for 
paint reflectance studies. 
First of all, irrespective of the significance of the small 
shift from 17 to 20%, these experiments have confirmed that 
cluster formation imposes a limit on the nurriber of scattering 
centers achieved and that 20% by volume is the order of magnitude 
for pigment concentrations beyond which there is a loss in effect- 
ive scattering power. 
The concentration at which the number of independent scat- 
tering centers starts to fall off is approximately the same both 
for the square model and the 2:l-ratio model particles and can 
be understood from an examination of the structure of Figures 
1 to 4 and the following qualitative reasoning. As long as the 
spaces between particles is several particles wide, the chances 
that a particle 2-diameters wide will touch another particle is 
not much higher than if it is one diameter wide. For instance, 
consider a sphere of - -diameters radius such that if a small 
particle is placed within this sphere it can be considered to 
n 
2 
touch anether p r t i c l e  if it at l eas t  tcuches t5e s u r f 2 c e  zf the  
sphere. In one sense the sphere can be considered an abstract 
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model of an unpopulated.region wi th in  a pigmented m a t e r i a l  and 
i n  the fol lowing d i scuss ion  it w i l l  be referred t o  a s  t h e  l o c a t i o n  
sphere. 
d w i l l  be l oca t ed  wi th in  the l a r g e r  sphere so t h a t  it w i l l  touch 
its s u r f a c e  o r  extend beyond it is  the ratio:  
Now the chance t h a t  a c e n t e r  of a particle of diameter  
- 1/6 d 3 3  n -1/6 3 f  d3(n-1) 3 
1/6f d 3 3  n 
'd - 
Thus : 
It is  important  t o  n o t i c e  t h a t  t h i s  r e l a t i o n s h i p  does no t  in-  
volve d and t h i s  i s  why t h e  r e l a t i v e  l o c a t i o n s  w i t h i n  a p a i n t  
f i l m  a r e  n o t  a func t ion  of p a r t i c l e  s i z e .  
If  w e  now cons ider  t h e  p a r t i c l e  w h i c h  has  a shape f a c t o r  
of 2 t o  1, t h i s  can be located i n  a l a r g e r  volume i n  space and 
s t i l l  pro t rude  through the surface of t h e  l o c a t i o n  sphere t o  
make c o n t a c t  w i th  a particle t o  form a c l u s t e r .  
of shape factor  2 : l  w i th  their long a x i s  l y i n g  a long  the r a d i u s  
of the l o c a t i o n  sphere, t h e  p r o b a b i l i t y  of be ing  i n  a p o s i t i o n  
t o  form a c l u s t e r  i s  
For  p a r t i c l e s  
3 P = 1 - (1-2/n) d ( 2 : l )  
H o w e v e r ,  on ly  a f r a c t i o n  of t h e  p a r t i c l e s  w i l l  l i e  along the 
r a d i u s  of the l o c a t i o n  sphere and t h e  p r o b a b i l i t y  fo r  particles 
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occupying a l l  p o s s i b l e  o r i e n t a t i o n s  wi th in  the l o c a t i o n  sphere 
w i l l  be 
where a is some number between 1 and 2, F r o m  a comparison of 
t h e  p r o b a b i l i t i e s  expressed in  equat ions  P and 2 it can be seen 
t h a t  the p r o b a b i l i t y  of c l u s t e r  formation for the non-circular 
p a r t i c l e  is higher than t h e  sphe r i ca l  p a r t i c l e  (from s p a t i c a l  
cons ide ra t ions  eva lua ted  i n  i s o l a t i o n  from other f a c t o r s  i n f lu -  
encing c l u s t e r  format ion) .  I t  can a l s o  be seen f r o m  such a com- 
pa r i son  t h a t  the d i f f e r e n c e  between t h e m  is small  when n is l a r g e  
but i nc reases  r a p i d l y  a s  n tends towards a. There is  however a 
competing f a c t o r  which t e n d s  t o  reduce the p r o b a b i l i t y  of c l u s t e r  
formation f o r  the p a r t i c l e s  of shape f a c t o r  2:k compared w i t h  t h e  
p a r t i c l e s  of P : l  symmetry, For a given mass of p a r t i c l e s ,  the 
number of p o i n t s  i n  space a t  which a p a r t i c l e  can occur f o r  sys- 
t e m s  conta in ing  particle 2:l is ha i f  t h a t  for p a r t i c l e s  1:l 
symmetry. This means t h a t  the  e f f e c t i v e  value of n t o  be used 
i n  Equations P and 2 is l a rge r  f o r  p a r t i c l e s  of 2:1 shape f a c t o r  
than fo r  the 1:l symmetrical p a r t i c l e s  a t  a given volume concen- 
t r a t i o n .  Therefore ,  w e  have two competing f a c t o r s  -- one tend- 
i n g  t o  reduce c l u s t e r  formation and one tending  t o  inc rease  it 
fo r  the p a r t i c l e s  of shape fac tor  1:20 The competi t ions between 
t h e s e  two f a c t o r s  could o f f e r  a q u a l i t a t i v e  explana t ion  i n  t h e  
sh i f t  of t h e  peak f o r  maximum number d s c a t t e r i n g  c e n t e r s  towards 
the higher volume concent ra t ions  f o r  the 2:l shaped p a r t i c l e s  
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should subsequent i n v e s t i g a t i o n  c o x f i r m  t h i s  s h i f t ,  
I t  should be noted t h a t  t h i s  possible s h i f t  towards 
h igher  concen t r a t ions  for achieving m a x i m u m  nm3er of s c a t t e r i n g  
c e n t e r s  i s  n o t  an argument  f o r  t r y i n g  t o  achieve pigment 
particles wi th  2z1 shape factors because i f  one compares t h e  
number of s c a t t e r i n g  c e n t e r s  achieved fctr.*a given mass of particles 
t h e  nuniber is  always super ior  for  t h e  l s l  symmetry particles. 
I t  i s  also i n t e r e s t i n g  t o  note t h a t  i f  for i n s t ance  both  types  
of particles w e r e  measured by s i e v i n g  techniques* then ,  s i n c e  
i n  s i e v i n g  techniques  t h e  particles are c l a s s i f i e d  by t h e i r  
minimum diameter ,  bo th  t y p e s  of particles we  have been consider-  
i n g  would have the s a m e  measured particle s i z e  yet  one set of 
particles would have a much higher n-er of s c a t t e r i n g  c e n t e r s  
per u n i t  m a s s .  
s o l v e  s o m e  problems as soc ia t ed  wi th  t h e  o p t i c a l  properties of 
p a i n t  f i l m s  u n t i l  q u a n t i t a t i v e  methods of shape a n a l y s i s  are 
developed. 
Th i s  sugges ts  t h a t  it may n o t  be possible t o  
A t  t h e  end of t h e  d i scuss ion  of t h e  r e l a t i o n  between M i e  
Theory p r e d i c t i o n s  of t h e  s c a t t e r i n g  p o w e r  of s i n g l e  particles 
~~ ~ 
R 
This  i s  n o t  possible f o r  normal pigment particles a t  the 
c u r r e n t  s t a g e  of size a n a l y s i s  technology b u t  t h e  fac t  t h a t  w e  
are d i scuss ing  a set of hypo the t i ca l  measurements does n o t  
affect  t h e  v a l i d i t y  of t h e  p o i n t s  which a r e  being made concern- 
incj particle s i z e  and p a i n t  f i l m  properties. 
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and the o p t i c a l  p r o p e r t i e s  of p a i n t  f i l m s  it was p o s t u l a t e d  t h a t  
it may be advantageous t o  achieve maximum pigment su r face  per 
f i l m  t h i ckness  provided t h a t  the ind iv idua l  particles w e r e  s t i l l  
e f f e c t i v e  s c a t t e r i n g  c e n t e r s .  From t h i s  poir,t of view it might 
be argued t h a t  2:11 or higher shape f a c t s r s  m i g h t  be advantageous 
from the p o i n t  of view t h a t  they have more su r face  per mass than 
a sphere, Again t h i s  is a s u p e r f i c i a l  argument which has  no 
r e a l  meaning un le s s  one defines par t ic le  s i z e  ve ry  c a r e f u l l y ,  
For example, consider the simple cubic  m o d e l  and the s i m p l e  p a r t -  
icle of 2:1 shape f a c t o r  formed by f u s i n g  two cubes toge the r  over 
one s u r f a c e ,  Now i f  w e  consider  the cube and the particle formed 
by f u s i n g  t w o  together a s  having the same p r t i c l e  size,  which 
they would have 
icle formed f r o m  t w o  cubes has  more s u r f a c e  than a p a r t i c l e  of 
the same mass, it h a s  less sur face  than  the two cubes from which 
it was formed, Thus, f r m  this po in t  of view t h e  c u b i c a l  part- 
icles have more s c a t t e r i n g  centers and m o r e  su r f ace  a rea  per u n i t  
m a s s  than  do  p a r t i c l e s  of 2:Y shape f a c t o r  when me dimension is 
i d e n t i c a l  f o r  t h e  t w o  p a r t i c l e s ,  T h i s  apparent  paradox a r i s e s  
from the f a c t  t h a t  one normally t a l k s  about s u r f a c e  a r e a  per u n i t  
mass whereas i n  d i s c u s s i n g  the  p r o p e r t i e s  of pigment p a r t i c l e s  the 
p rope r ty  of i n t e r e s t  i s  sur face  a rea  f o r  a given p a r t i c l e  s i z e  
w h e r e  the meaning of p a r t i c l e  s i z e  has  t o  be def ined  c a r e f u l l y ,  
Again t h i s  d i scuss ion  under l ines  the need f o r  a knowledge of 
shape factors i n  conjunct ion w i t h  a ccu ra t e  and w e i i  defined part- 
icle s i z e  a n a l y s i s ,  
from s i e v i n g  techniques, then,al though the p a r t -  
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It is p o s s i b l e  t o  d i scuss  t h e  p o s s i b l e  inf luence  of d i s -  
pe r s ion  on t h e  o p t i c a l  p r o p e r t i e s  of a p a i n t  f i l m  us ing  the 
s t a t i s t i c a l  cons idera t ions  out l ined  i n  the foregoing paragraphs,  
Consider a mono-sized pigment, If the p a r t i c l e s  a r e  not  w e l l  
dispersed i n  the p a i n t  f i l m ,  th i s  i s  equiva len t  t o  say ing  t h a t  
the u n i t s  of pigment t o  be dispersed a r e  not  s i n g l e  p a r t i c l e s  
but groups of p a r t i c l e s  conta in ing  2 ,  3 ,  4 up t o  n p a r t i c l e s ,  
A c l u s t e r  of t w o  particles can be considered t o  be a p a r t i c l e  
of shape f a c t o r  2:1, The case of a c l u s t e r  conta in ing  a number 
of p a r t i c l e s  is  more complex because of the p o s s i b l e  configur-  
a t i o n s  i n  space which t h e y  can achieve: however., a l l .  c l u s t e r s  
i n  f a c t  r ep resen t  b a s i c  u n i t s  of i nc reas ing  pa r t i c l e - shape  f a c t o r  
a s  the c l u s t e r  size inc reases ,  From the s t a t i s t i c a l  consider-  
a t i o n s  given above one would a n t i c i p a t e  t h a t  i n  a badly d ispersed  
pigment the concent ra t ion  of s o l i d s  f o r  maximum s c a t t e r i n g  c e n t e r s  
is  d i sp laced  towards t h e  higher concent ra t ion  but  t h a t  t h e  t o t a l  
number of s c a t t e r i n g  c e n t e r s  is l o w ,  Therefore ,  i nc reas ing  the 
degree of d i s p e r s i o n  should increase  the o v e r a l l  opac i ty  and 
should sh i f t  the maximum of the opaci ty/concentrat ion curve 
towards lower concent ra t ions ,  T h i s  conclusion is  based on ten- 
t a t i v e  p o s t u l a t i o n  and very s i m p l e  m o d e l s  but i t s  impl i ca t ions  
a r e  s u f f i c i e n t l y  i n t e r e s t i n g  t o  warrant i n v e s t i g a t i o n ,  If the 
conclusion proves t o  be a r e a l  d e s c r i p t i o n  of the Lx3perties 
of a p a i n t  f i l m ,  then  an i n t e r e s t i n g  c o r o l l a r y  t o  the hypothes is  
is t h G t  the rDcation DE the maximw? iR t h e  c~ncentratiDn,’~a-Y-ifnlrlm 
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s c a t t e r i n g  c e n t e r s  curve w i l l  always be a func t ion  of the shape 
f a c t o r  of a w e l l  d i spersed  pigment. 
It is p e r t i n e n t  a t  t h i s  po in t  to d i s c u s s  the re levance  of 
the specu la t ions  o u t l i n e d  above based on s t a t i s t i c a l  reasoning.  
Even i f  all of the above specula t ions  proved t o  be i r r e l a v e n t ,  
a t  l e a s t  th is  t h e o r e t i c a l  s tudy h a s  ind ica t ed  the possible phen- 
omena occurr ing  wi th in  the p a i n t  f i l m ,  Knowing these p o s s i b l e  
phenomena, w e  can des ign  experiments e f f i c i e n t l y  so t h a t  the 
importance of the p o s s i b l e  mechnisms e f f e c t i n g  t h e  o p a c i t y  of 
p a i n t  f i l m s  can either be subs tan ia ted  or  e l imina ted ,  In  Figure 
6 the growth of the d i f f e r e n t  s i z e d  c l u s t e r  i n  the p l o t t i n g  ex- 
periment us ing  2:l shape fac to r  p a r t i c l e s  a r e  presented ,  
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NUMBER O F  DIFFERENT S I Z E D  CLUSTERS AT VARIOUS VOLUME 
CONCENTRATIONS FORMED FROM PARTICLES HAVING 2: 1 SHAPE R A T I O  
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III@ THE RELEVANCE OF MIE THEORY STUDIES FOR THE PREDICTION OF 
THE REFLECTIVE PROPERTIES OF PAINT FILMS 
The s c a t t e r i n g  power of a s i n g l e  smooth s p h e r i c a l  p a r t i c l e  
p laced  i n  the p a t h  of a p l ane  p a r a l l e l  beam of noncoherent mono- 
chromatic l igh t  can be s tud ied  by the theo ry  developed by M i e  
(ref. 2 ) .  The v a r i a t i o n s  i n  s c a t t e r i n g  power of the s i n g l e  sphere 
w i t h  r e f r a c t i v e  index and particle diameter-wavelength r a t i o  h a s  
been computed us ing  the M i e  theory and th i s  curve i s  o f t en  used 
t o  j u s t i f y  the c la im t h a t  optimum opac i ty  i s  obtained us ing  a 
pigment-par t ic le  s i z e  of about 1/5 the wavelength of the inc iden t  
l i g h t ,  When the re levance  of the M i e  t h e m y  t o  the phys ica l  phen- 
omena occurr ing  wi th in  the pa in t  f i l m  i s  considered,  it is found 
t h a t  even if the maximum-opacity pigment s i z e  even tua l ly  proves 
t o  be 1/5 of the wavelength, t h i s  f a c t  cannot p o s s i b l y  be deduced 
from the M i e  theory. Any agreement between f a c t  and specu la t ion  
s t imu la t ed  by cons ider ing  M i e  theory  can only be f o r t u i t o u s ,  T h e  
r e l a t i o n s h i p  between M i e  theory and phenomena occurr ing  wi th in  
a p a i n t  f i l m  can be understood by cons ider ing  seve ra l  aqpec ts  of 
the i n t e r f e r e n c e  and k a u e n h o f f e r  d i f f r a c t i o n  p a t t e r n s  of long 
s i n g l e  slits f o r  p l ane -pa ra l l e l  beams of monochromatic noncoherent 
l igh t .  Consider first the Frauenhoffer d i f f r a c t i o n  p a t t e r n  of 
s i n g l e  s l i t so f  va r ious  widths.  These p a t t e r n s  a r e  shown i n  Figure 
7 (ref 4 )  These p a t t e r n s  a r e  observed on a screen a t  i n f i n i t y  
( s imula ted  u s i n g  l e n s e s ) ,  Consider now i f  the screens  w e r e  re- 
placed by a photoelectric device which could r e c e i v e  a l l  s c a t t e r e d  
li3ht- We w o u l d  not be concerned with t h e .  spa t i a l  d i s t r i b u t i o n  
of the energy and our observat ion would be t h a t  " the  t o t a l  ener- 
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gies from the three s l i ts  was simply p ropor t iona l  t o  the s l i t  
w i d t h s ,  i .e . ,  1:5:10", From t h i s  po in t  of view w e  a r e  not 
t roub led  by t h e  f a c t  t h a t  geometric o p t i c s  does not appiy t o  the 
system. Consider now the d i f f r a c t i o n  p a t t e r n  of a set of s l i ts  
each 5 wavelengths w i d e  b u t  50 wavelengths a p a r t ,  The r e s u l t a n t  
p a t t e r n  is a s  shown i n  Figure 8 (ref. 4 ) ,  The i n t e r f e r e n c e  
f r i n g e s  l i e  wi th in  t h e  envelope of the d i f f r a c t i o n  p a t t e r n  f o r  
the s i n g l e  slit .  Now, f a m i l i a r i t y  w i t h  these diagrams i n  school 
t e x t  books on optics t e n d s  t o  obscure the important p o i n t .  
through the r e l a t i v e  i n t e n s i t y  p a t t e r n  is dominated by the system 
p r e d i c t e d  fran t h e  s i n g l e  s l i t ,  t h e  t o t a l  energy p a s s i n g  through 
the slits is  p ropor t iona l  t o  the number of s l i ts ,  Again if the 
screen  is rep laced  by a p h o t o e l e c t r i c  d e t e c t o r  capable  of receiv- 
ing  a l l  t h e  d i f f r a c t e d  l i g h t ,  then t h e  measurement device  would 
not  be a b l e  t o  d i f f e r e n t i a t e  between 20 s l i ts ,  2 wavelengths 
wide, or 40 sl i ts ,  1 wavelength wide, even though the s p a t i a l  
d i s t r i b u t i o n  of t h e  energy f o r  the two systems would be very 
d i f f e r e n t .  
slits each 5 wavelengths w i d e  but which where spaced randomly 
a c r o s s  the d i f f r a c t i o n  screen.  Any p a i r  of l i n e s  would produce 
an i n t e r f e r e n c e  p a t t e r n  modulated by the d i f f r a c t i o n  envelope,  
bu t  the peaks for each  p a t t e r n  would be separa ted  by a f a c t o r  
r e l a t e d  t o  the sepa ra t ion  of the two sl i ts ,  The argument holds  
f o r  any p a i r  of s l i ts  s o  t h a t  the peak f o r  each p a i r  would f a l l  
a t  d i f f e r e n t  p o i n t s  w i th in  the same d i f f r a c t i o n  envelope, 
Al- 
Consider now what would happen i f  w e  had 50 p a r a l l e l  
Averaged 
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o u t  for  t h e  50 l i n e s  t h e  n e t  e f f e c t  would be a r e l a t i v e l y  uniform 
i l l u m i n a t i o n  modulated by t h e  d i f f r a c t i o n  p a t t e r n  f o r  t h e  s i n g l e  
s l i t  width. 
d i f f r a c t i o n  p a t t e r n  for 50 randomly-spaced slits i s  undis t in-  
gu i shab le  f r o m  t h a t  of 1 s l i t  i f  t h e  p o w e r  of t h e  beam for t h e  
s i n g l e  s l i t  i s  50 t i m e s  t h a t  of t h e  beam passing through t h e  50 
random slits, Phys ica l ly  what happens i s  t h a t  t h e  random posi- 
t i o n i n g  of t h e  l i n e s  obscures  t h e  f i n e  s t r u c t u r e  of t h e  combined 
i n t e r f e r e n c e  d i f f r a c t i o n  p a t t e r n ,  
This  r e s u l t s  i n  the  important  observat ion t h a t  t h e  
So far we  have only considered t h e  effect of a s i n g l e  
beam.  I f  t w o  beams a t  two d i f f e r e n t  ang le s  passes through t h e  
same sli t ,  then  the system w i l l  be as o u t l i n e d  i n  Figure 9, A 
screen  placed on t h e  axis of the  first beam would show t h e  
d i f f r a c t i o n  for t h e  specific s l i t  width,* I f  a second b e a m  a t  
an angle  8 i s  passed through the  sc reen ,  then a screen  placed 
on t h e  axis of t h i s  second beam would have a s l i g h t l y  d i f f e r e n t  
p a t t e r n  s i n c e  t h e  e f f e c t i v e  slit width i s  now s i n  ea, so t h e  
p r i m e  d i f f r a c t i o n  lobe w i l l  be somewhat wider than t h a t  f o r  t h e  
first b e a m .  
c i r c u l a r  photoconductive d i v i c e ,  then t h e  power rece ived  by t h e  
device  w i l l  be propor t iona l  t o  (a + a s i n  6 )  i f  t h e  beams are of 
I f ,  however, t h e  screens  are rep laced  by a s e m i -  
x 
N o t e :  The d i s t a n c e s  i n  Figure 9 are n o t  t o  scale. E i t h e r  t h e  
screen  i s  placed a t  a r e l a t i v e l y  g r e a t  d i s t a n c e  f r o m  t h e  screen 
or l e n s e s  have t o  be used t o  produce t h e  p a t t e r n .  I 
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equal  s t r eng th .  
e q u a l l y  spaced va lues  of 8 it can be seen t h a t  t h e  c a l c u l a t i o n  
of t h e  d i f f rac t ion  p a t t e r n  on a screen  perpendicular  t o  t h e  
axis of t h e  p r i m e  beam would be very complicated. 
screen  w a s  now moved so t h a t  it w a s  on ly  seve ra l  wavelengths 
If now there are beams a t  a whole range of 
1 
I f  again t h e  
1 
I 
f r o m  t h e  screen ,  t h e  s impl i f i ed  theo ry  of Frauenhoffer would no 
longer  apply and t h e  c a l c u l a t i o n  of r e s u l t a n t  d i f f r a c t i o n  p a t t e r n s  
would now be exceedingly complex. 
t o  c o n s i s t  of randomly spaced paral le l  s l i t s  of t h e  s a m e  width 
and i f  a l l  t h e  beams are polychromatic, it can be seen t h a t  t h e  
I 
I f  t h e  system i s  now extended I 
1 
c a l c u l a t i o n  of d i f f r a c t i o n  p a t t e r n s  i s  nowg i n  practice, i m p o s -  
sible. I However, t h e  p o w e r  pene t r a t ing  t h e  screen i s  s t i l l  a 
f u n c t i o n  of t h e  a v a i l a b l e  area i n  t h e  d i f f r a c t i n g  screen ,  and 
i f  t h e  width of t h e  screen  i s  of t h e  order of t h e  wavelength of 
l i g h t  it i s  probable t h a t  w e  could treat each ho le  as  a self- 
luminous source of l i g h t .  
I 
I 
I 
I 
II Consider now if w e  had screens a s  shown i n  F igure  10- F i r s t  
l e t  u s  cons ider  t h a t  t h e  14 slits shown are a wavelength w i d e ,  
and t h a t  t he  po r t ion  between t h e  s l i ts  are pa in ted  with a com- 
pletely absorbing black p a i n t .  From d i scuss ions  given earlier, 
i f  one screen  w a s  placed i n  t h e  p a t h  of a p lane  parallel beam 
of monochromatic l i g h t  then t h e  d i f f r a c t i o n  p a t t e r n  observed on 1 
a screen  placed a t  a d i s t a n c e  l a rge  compared t o  t h e  wavelength 
of l i g h t  i s  t h e  d i f f r a c t i o n  p a t t e r n  of a s i n g l e  s l i t  and the 
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SCREENS CONTAINING RANDOMLY SPACED 
PARALLEL SLITS OF EQUAL WIDTH 
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N o w ,  hswever, cons ider  t he  problem of s tudying t h e  passage 
of d i f f u s e  white l i g h t  through 100 of t h e s e  screens  placed 
three s l i t  widths apart when t h e  su r face  of t h e  screen between 
t h e  slits is 80% r e f l e c t i v e ,  
l i g h t  can be considered t o  be a mul t ip lex  of parallel equipow- 
ered beams of l i g h t  a t  equa l ly  spaced u n i t s  of solid ang le s  i n  
space. By cons ider ing  t h e  complications a r i s i n g  f r o m  t h e  com- 
b ined effects of multiple-wavelength l i g h t  and m u l t i d i r e c t i o n a l  
beams, it i s  very obvious t h a t  a knowledge of t h e  Frauenhoffer 
d i f f r a c t i o n  p a t t e r n  of a s i n g l e  screen conta in ing  randomly 
spaced slits w i l l  be of very l i t t l e  use i n  so lv ing  t h e  m u l t i ,  
partially r e f l e c t i n g ,  screen problem involv ing  d i f f u s e  white  
l i g h t .  However, it can be shown t h a t  t h e  Mie theory  s t u d i e s  
are r e l a t e d  t o  p a i n t  f i l m  phenomena i n  approximately t h e  same 
manner as  t h e  Frauenhoffer p a t t e r n  of t h e  s i n g l e  screen  contain-  
i n g  randomly pos i t ioned  sl i ts  i s  r e l a t e d  t o  t h e  mult i -screen 
problem . 
From one p o i n t  of view t h e  d i f f u s e  
I n  order t o  g a i n  an apprec ia t ion  of t h e  relevance of s o m e  
of t h e  publ ished s t u d i e s  of t h e  optical properties of pigment 
particles t o  t h e  general  problem of p a i n t  r e f l e c t a n c e ,  it i s  
necessary  t o  extend the d iscuss ion  of d i f f r a c t i o n  phenomena t o  
t h e  case of a screen conta in ing  randomly pos i t ioned  r e g u l a r  aper- 
tures. Th i s  problem has  been d iscussed  by C ,  L. Andrews (ref-5) 
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H e  considered Frauenhoffer d i f f r a c t i o n  fo r  monochromatic non- 
coherent  r a d i a t i o n  fo r  t h e  screen shown i n  Figure 11. H e  states 
t h a t ,  " i f  a very large number of i d e n t i c a l  r ec t angu la r  apertures 
wi th  i d e n t i c a l  o r i e n t a t i o n  i n  a p l ane  screen  are randomly scat- 
tered about  on t h e  screen ,  t he  i n t e r f e r e n c e  p a t t e r n  of t h e  cm- 
b i n a t i o n  w i l l  be smoothed o u t  t o  cons t an t  i n t e n s i t y ,  b u t  the 
d i f f r a c t i o n  p a t t e r n  w i l l  be t h e  s a m e  as t h a t  f o r  a s i n g l e  rec- 
t angu la r  aperture", 
for t h e  s i n g l e  aperture are shown i n  Figure 11. The screen  i n  
F igure  11 i s  i n  f a c t  a two dimensional extension of t h e  e s s e n t i a l -  
l y  one dimensional case of t he  randomly spaced s l i ts  d iscussed  
earlier and t h e  cons ide ra t ions  lead ing  t o  t h e  conclusions 
g iven  by Andrews are i n  f a c t  ex tens ions  of those  given for t h e  
random slits t o  t w o  dimensions. Andrews goes on t o  p o i n t  o u t  
t h a t  t h e  same type of r e s u l t  i s  obtained when cons ider ing  t h e  
d i f f r a c t i o n  p a t t e r n  produced by random spheres  loca t ed  i n  one 
p l ane  which i s  perpendicular  t o  t h e  forward d i r e c t i o n  of t h e  
forward beam,  
glass s l i d e  and t h e  Frauenhoffer d i f f r a c t i o n  p a t t e r n  s t u d i e d ,  
a series of concen t r i c  r i n g s  t y p i c a l  of t h e  d i f f r a c t i o n  p a t t e r n  
of t h e  s i n g l e  spheres  i s  obtained (ref - 6) I n  fac t ,  t h e  
s t r u c t u r e  of t h e  r i n g s  i s  s u f f i c i e n t l y  w e l l  def ined  t h a t  the 
average diameter of t h e  blood co rpusc le s  can be deduced from 
f r o m  t h e  dimensions of the d i f f r a c t i o n  r i n g s ,  
The b r i g h t  spots of t h e  Frauenhoffer p a t t e r n  
Thus, i f  human blood co rpusc le s  are placed on a 
A c l i n i c a l  device 
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DIFFRACTION BY RECTANGULAR APERTURES 
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which makes use  of t h i s  phenomena i s  called Young's E r i o m e t e r ,  
Thus, a random a r r a y  of uniform spheres  confined t o  a s i n g l e  
p l ane  should have a Frauenhoffer d i f f r a c t i o n  p a t t e r n  t h e  same 
as for  a s i n g l e  sphere (ref.  7 )  
Now M i e  theory  r e p r e s e n t s  a g e n e r a l  s o l u t i o n  for  t h e  
scattering properties of a single sphere.  
very s m a l l  compared t o  the wavelength of l i g h t ,  t h e  s c a t t e r i n g  
i s  symmetrical i n  f r o n t  of and behind t h e  particle. This  type 
of s c a t t e r i n g  i s  known as  Rayleigh s c a t t e r i n g .  
t heo ry  covers  a l l  s c a t t e r i n g  phenomena 
i s  u s u a l l y  r e s t r i c t e d  t o  t h e  d e s c r i p t i o n  of scattering by 
particles i n  t h e  s i z e  range 0.2% up t o  10~. I n  fact ,  t h e  Mie 
s c a t t e r i n g  i s  t h e  growing tendency towards forwards s c a t t e r i n g  
wi th  i n c r e a s i n g  particle s i z e  ( r e f .  The boundary between 
so-cal led classical  d i f f r a c t i o n  theory  and t h e  r e s t r i c t e d  M i e  
t heo ry  i s  n o t  w e l l  def ined  and i n  one sense  t h e  p a t t e r n  of 
s c a t t e r e d  l i g h t  produced by p a r t i c l e s  i n  t h e  range 0 . 2 5 ~  t o  1 O A  
can s t i l l  be c a l l e d  a d i f f r a c t i o n  p a t t e r n .  
i s  based upon t w o  explicit  condi t ions ,  
beam i s  a p l ane  parallel beam of noncoherent monochromatic 
l i g h t ,  and secondly,  t h e  r a d i a t i o n  d e t e c t o r  used t o  explore t h e  
s c a t t e r i n g  p a t t e r n  i s  a t  i n f i n i t y ,  i .e.,  is a t  a d i s t a n c e  large 
compared t o  t h e  wavelength of l i g h t .  
Mie theo ry  corresponds t o  Frauenhoffer d i f f r a c t i o n ,  Now experi- 
ments have been carried o u t  using a t h i n  'cl or 2 particle t h i c k )  
When t h e  sphere i s  
Although M i e  
the t e r m  K i e  s c a t t e r i n g  
8) 
N o w  t h e  M i e  theory  
F i r s t ,  t h e  i n c i d e n t  
I n  a sense ,  t h e r e f o r e ,  
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a r r a y  of pigment particles using a spectrophotometer and mono- 
chromatic r a d i a t i o n  ( 3 ) .  
satisfies t h e  condi t ion  of plane parallel  i n c i d e n t  r a d i a t i o n  
wi th  t h e  d e t e c t o r  a t  a large d i s t ance .  I t  i s  n o t  s u r p r i s i n g  
t h a t  t h e s e  experiments have found m a x i m u m  s c a t t e r i n g  power for  
a given pa_rticle s i ze  a t  wa-’ Vt;Aengths predicted f r o m  t h e  M i e  
t heo ry ,  s i n c e  it i s  a gene ra l  p r i n c i p l e  t h a t  t h e  d i f f r a c t i o n  
p a t t e r n  produced by a t h i n  randon array of i d e n t i c a l  particles, 
perpendicular  t o  t h e  beam,  i s - t h e  s a m e  as f o r  a s i n g l e  particle. 
To conclude f r o m  this type of Qbservatiori  t h a t  the s c a t t e r i n g  
p o w e r  of t h e  pigment i n  a p a i n t  f i l m  i s  o p t i m u m  a t  t h i s  s i z e  
i s  t o  attempt t o  extrapolate from monochromatic s i n g l e  scatter- 
i n g  f r o m  a p lane  parallel beam s t u d i e d  a t  i n f i n i t y ,  to t h e  
behavior  i n  d i f f u s e  polychromatic l i g h t  s tud ied  a t  a d i s t a n c e  
of t w o  or three wavelengths, i.e., f r o m  t h e  n e x t  pigment particle, 
This  i s  no m o r e  logical than  t r y i n g  t o  p r e d i c t  t h e  behavior of 
a series of sc reens  a s  shown i n  F igu re lo ,  when placed i n  d i f f u s e  
white  l i g h t  a t  s e p a r a t i o n s  of a f e w  wavelengths f r o m  Frauenhoffer 
d i f f r a c t i o n  p a t t e r n s  of a s i n g l e  s l i t .  
O p t i c a l  equipnent  of t h i s  kind 
W e  suggested i n  an earlier report (ref. 8) t h a t  a t h r e e  
layer system m a y  prove t o  be an e f f i c i e n t  p a i n t  su r f ace  fo r  
t h e  prevent ion  of white  l i g h t  pene t r a t ion .  
reasoning which ex t r apo la t ed  M i e  theory  r e s u l t s  t o  t h e  complex 
i n t e r a c t i o n s  occurring i n  a p a i n t  f i l m ,  
t i o n  i s  f a l l i n g  on t h e  particle f r o m  a l l  d i r e c t i o n s ,  then  any 
This  w a s  based on 
If d i f f u s e  l i g h t  radia- 
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d i f f r a c t i o n  p a t t e r n  r o t a t e d  through 360° would g ive  t h e  same 
r e s u l t a n t  p a t t e r n .  Therefore,  wi th  d i f f u s e  r a d i a t i o n ,  it i s  
t h e  fact  t h a t  the r a d i a t i o n  i n t e r a c t s  wi th  t h e  surface which 
i s  impor tan t  n o t  t h e  s p e c i f i c  d i f f r a c t i o n  p a t t e r n  f o r  a s i n g l e  
particle i n  a s p e c i f i c  d i r e c t i o n ,  Should a three- layer  system 
prove t o  have important  properties, t h e  properties of t h e  
system cannot be regarded as p r e d i c t a b l e  f r o m  M i e  theory ,  
Having demonstrated t h e  i m p r a c t i b i l i t y  of pursuing Mie theory 
as having s i g n i f i c a n c e  for  p a i n t  theory and practice w e  w i l l  
n ex t  s tudy  t h e  s i g n i f i c a n c e  of formulae which have been appl ied  
s u c c e s s f u l l y  t o  t h e  properties of p a i n t  f i l m s .  
I l T  R E S E A R C H  I N S T I T U T E  
30 
IITRI -1~6003-18 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
REFERENCES 
R e p o r t s  IITRI-U6003-16, p. 19-27 and IITRI-U6003-17, 
p. 14-20. 
M i e .  9,  Annelan der, Physic 25 1908. 
J. R. D e V o r e ,  A. H. Pfund, O p t i c a l  S c a t t e r i n g  by 
D i e l e c t r i c  Powders of Uniform P a r t i c l e  Size.  
Di f f rac t ion  P a t t e r n s  Reproduced f r o m  "Physics  for  S tudents  
and Engineering, D. Hal l iday ,  R.  Resnick, John Wiley & Sonso 
C. L. Andrews,"Optics of the Electromagnetic Spectrum," 
P r e n t i c e  H a l l ,  Englewood C l i f f s ,  N . J .  , 1960. 
See R. W. Ditchburn, "Light" ,  I n t e r s c i e n c e  Pub l i she r s ,  Inc .  
N e w  York, 1953, p. 171. 
H. Heywood,  "The Scope of P a r t i c l e  S ize  Analysis  and 
S tanda rd iza t ion" ,  Symposium on P a r t i c l e  S ize  Analysis, 
Feb., 1947. Publ ished by London I n s t i t u t i o n  of Chemical 
Engineers,  p. 17. 
C. N.  Davies, "Survey of S c a t t e r i n g  and Adsorption of 
L i g h t  by P a r t i c l e s , "  The Physics of P a r t i c l e  S ize  Analysis, 
B r i t .  J. of A p p l .  Phys. Suppl. 3 ,  A p r i l  1954, 
I l T  R E S E A R C H  I N S T I T U T E  
31 
IITRI-U600 3- 18 
T h i s  report is being d i s t r i b u t e d  a s  follows: 
D i s t r i b u t i o n  L i s t :  
copy No. Recipient  
1-25 + 
reproducible O f f i c e  of Grants and Research Con t rac t s  
Nat iona l  Aeronautics & Space Administration 
Washington, D. C. 
26 Mr. J. J. Gangler 
Nat ional  Aeronautics & Space Administration 
Off ice of Advanced Research and Technology 
Washington 25, D. C. 
27-30 + Mr. D. W. G a t e s  (M-RP-T) 
r ep roduc ib le  Nat ional  Aeronautics and Space Administration 
George C. Marshall Space Flight Center 
Hun t sv i l l e  Alabama . 
31 
32 
33 
34 
35 
36 
37 
M r .  Conrad Mook 
Code RV 
National  Aeronautics & Space Administration 
Washington, D. C.  
Mr. William F. C a r r o l l  
Jet Propulsion Laboratory 
C a l i f  a r n i a  I n s t i t u t e  of Technology 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  
M r .  Sam Katzoff 
Nat ional  Aeronautics & Space Adminis t ra t ion 
Langley Research Center 
Langley F ie ld  Virg in ia  
Mr. Joseph C.  Richmond 
Nat ional  Bureau of Standards 
Washington, D. C . 
Mr. James D i e d r i c h ,  M a i l  S top  7-1 
National  Aeronautics & Space Adminis t ra t ion 
L e w i s  Research Center  
Cleveland, Ohio 
I I T  Research I n s t i t u t e  
Div is ion  U F i l e s  
I I T  Research I n s t i t u t e  
E d i t o r s ,  J. J. Brophy, Main F i l e s  
I l T  RESEARCH I N S T I T U T E  
32 
Distr ibut ion L i s t  (Continued) 
Copy No. Recipient 
30 
39 
40 
41 
42 
43 
44 
45 
IIT Research I n s t i t u t e  
J. I. Bregman 
IIT Research I n s t i t u t e  
Y. Harada, Divis ion G 
IIT Research I n s t i t u t e  
J. E. Gi l l igan,  Div is ion 
IIT Research I n s t i t u t e  
S. Katz, Divis ion C 
IIT Research I n s t i t u t e  
B .  Kaye, Divis ion C 
IIT Research I n s t i t u t e  
M. Jackson, Division C 
IIT Research I n s t i t u t e  
V. Raziunas, Divis ion C 
IIT Research I n s t i t u t e  
G .  A. Zerlaut, Div is ion U 
I I T  R E S E A R C H  I N S T I T U T E  
33 
